ABSTRACT: A process has been developed recently to fabricate a structure comprising, from top to bottom, a SiGe thin film, a glass layer, and a Si wafer. The SiGe film is a perfect crystal, and is under biaxial compression. Pattern the SiGe film into islands. On annealing, the glass flows and the islands relax. The resulting strain-free islands are used, as substrates, to grow epitaxial optoelectronic devices. This article describes a series of studies on the anneal process, combining experiment and theory. A small island relaxes by expansion, starting at the edges and diffusing to the center. A large island wrinkles before the expansion reaches the center. After some time, the wrinkles either disappear, or cause the island to fracture. We model the island as an elastic plate, and the glass layer as a viscous liquid. The strains in the islands are measured by x-ray diffraction and the Raman spectroscopy, and the wrinkle amplitudes by the atomic force microscope. The data are compared with the theoretical predictions. We determine the conditions under which the islands relax by expansion without significant wrinkling, and demonstrate that a cap layer suppresses wrinkles, relaxing a large island crack-free.
solutions provide a range of lattice constants. On a relaxed SiGe, an epitaxial Si film is tensile and has a high electron mobility [15] , and an epitaxial Ge film is compressive and has a high hole mobility [16] . The strained Si and Ge films are used for high-speed electronics [17] .
Furthermore, Ge matches the lattice constant GaAs, a compound semiconductor for lasers [18] .
Consequently, by relaxing SiGe (including pure Ge) on silicon, one can integrate highperformance electronic and optoelectronic devices on a single wafer.
One way to relax a SiGe layer on a silicon wafer is to allow dislocations to accommodate the lattice mismatch between SiGe and Si. Unfortunately, in addition to such geometrically necessary dislocations (i.e., the misfit dislocations), statistically stored dislocations (i.e., the threading dislocations) are abundant. The latter will thread into the epitaxial devices grown above the SiGe layer, impairing device performance. An improved approach is to grade the SiGe composition during growth [19, 20] . The top SiGe layer grown this way has a lower threading dislocation density than a SiGe of the same composition grown directly on Si. The density, however, is still too high for some applications. Besides, this approach requires a thick total SiGe layer, which is a disadvantage.
Another way to relax SiGe is to use various "compliant substrates" [21] [22] [23] [24] [25] . Recently, Hobart and co-workers have studied the relaxation of SiGe islands transferred to a viscous borophosphorosilicate glass (BPSG) layer [26] . Following this initial work, we and others have studied this process with a combination of experiment and theory [27] [28] [29] [30] [31] [32] [33] [34] [35] . This article integrate these studies, provides evidence for wrinkle-induced fracture, and demonstrates an improved method to fabricate large, zero-defect, and strain-relaxed SiGe islands. Figure 1 illustrates the fabrication process [26] . Grow an epitaxial SiGe film on a Si host wafer. The SiGe film has a larger lattice constant than Si, and is under biaxial compression.
To avert dislocations, the SiGe film is below the critical thickness. Separately coat a BPSG layer on a Si handle wafer. Stack the two wafers by the wafer bonding method, with the SiGe facing the BPSG. Remove the Si host wafer, and then pattern the SiGe film into islands. Unless otherwise noted, the BPSG layer is 200 nm thick, and the SiGe film is 30 nm thick. The experiment uses Si 0.7 Ge 0.3 , with lattice constant 1.2% larger than Si, patterned into square islands of various sizes, L = 10µm -500µm. Before anneal, the SiGe islands are under the 1.2% biaxial compressive strain, because the island size is much larger than the island thickness, and the BPSG is solid at room temperature. On annealing above the glass transition temperature, the glass flows, and the islands relax elastically. The process involves no dislocations and, in principle, produces zero-defect, relaxed SiGe islands. The resulting strain-free islands can be used as substrates to grow epitaxial optoelectronic devices. For this purpose, large islands are desired.
Islands of various sizes are annealed above the glass transition temperature of BPSG [35] .
Small islands (L < 30 µm) expand, but large islands wrinkle. After a long anneal, the wrinkles disappear for mid-sized islands (30µm < L < 80µm), but cause fracture for large islands. Figure   2 shows part of a 100µm island annealed for 90 minutes at 790°C. At the corner, the island expands in both inplane directions, and remains flat. At each edge, the island expands in one direction, and wrinkles in the other. At the center, and island wrinkles in a complicated way. Figure 3 shows a 200µm island annealed for 90 minutes at 790°C. In addition to wrinkles, channel cracks form in the island, probably initiated from the island edges. It is the wrinkleinduced fracture that limits the size of the islands to be relaxed. Figure 4 illustrates the model. The SiGe island is taken to be elastic, the BPSG viscous, and the Si wafer rigid. Maintain the continuity of velocities and tractions at the SiGe-BPSG interface, and zero velocity at the BPSG-Si interface. The island is flat and under biaxial stresses in the initial state, which serves as the reference state. On annealing, the island expands and wrinkles. Let u and u be the inplane displacements, and w be the deflection, all set to zero in the initial state. On the SiGe-BPSG interface, let q be the normal traction, and The combination relates the velocity field to the displacement field, evolving the system. The following prescribes the theory.
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GENERAL THEORY
To describe both expansion and wrinkling, we model the elastic SiGe island using the von Karman plate theory [36, 37] . The membrane strains have three contributions:
The first comes from the initial biaxial compressive strain, ε 0 being the magnitude; the second from the gradients of the inplane displacements; and the third from the large deflection. The
Greek subscript takes values 1 and 2. Hooke's law relates the membrane forces N αβ to the membrane strains ε αβ : 
The out-of-plane force balance and the moment balance of a plate element requires that
In essence, the plate theory provides an algorithm to calculate the tractions on the interface, T 1 ,T 2 ,q , in terms of the displacement field of the island, u ,u ,w. 1 2 We model the BPSG layer above the glass transition temperature as an incompressible viscous liquid, adopt the Stokes creep theory [38] in this section, and describe specialized models in the subsequent sections. The stress field in the glass layer, σ ij , is in equilibrium, so that
The Latin indices take values 1, 2 and 3, and a repeated Latin index implies summation over 1, 2 and 3. The stresses relate to the velocities V as
where p is the pressure and η the viscosity of the glass. Incompressibility requires that
The velocity field at the BPSG-Si interface vanishes, and the tractions on the BPSG-SiGe interface are T 1 ,T 2 ,q . Equations (5)- (7), together with the boundary conditions, define a moving 7/22/2002boundary value problem. In essence, the fluid mechanics of the BPSG layer provides an algorithm to calculate the velocity field in terms of the tractions on the BPSG-SiGe interface.
The coupled solid-liquid problem is nonlinear, with solutions of several kinds, corresponding to the growing wrinkles, the equilibrium wrinkles, the flat strained blanket film, and the relaxed island. The following sections reduce the general theory to simpler models, and compare the solutions to experiments.
ISLAND EXPANSION
The problem is greatly simplified if we focus on island expansion, neglecting the wrinkles, and assuming the shear stress in the BPSG layer to be uniform across its thickness [27] [28] [29] . The resulting approximation, known as the shear lag model, dates back to the studies of tectonic plate drift [39] [40] [41] .
To see how the shear lag model describes island expansion, here we examine the relaxation in the x 1 direction. The only nonzero displacement component is u . From (1), the membrane strains are
Hooke's law (2) gives the membrane force component in the x 1 direction,
The first term is the initial compressive membrane force, and the second term accounts for expansion. The inplane force balance in the x 1 direction, of a SiGe film element, relates the shear traction on the interface, T 1 , to the divergence of the membrane force, namely, 7/22/2002
Assume that the shear stress in the BPSG is uniform across its thickness, so is the shear strain-rate, approximated by
, where H is the thickness of the BPSG. The shear stress is linear in the shear strain-rate:
A combination of (9)- (11) leads to
Equation (12) has the form of the diffusion equation, with being the effective diffusivity. Now consider the expansion of an island of length L. At t , the membrane force
N 11 vanishes at the two edges, and equals− Ehε 0 / 1− ν ( ) inside the island. On annealing, the expansion starts at the island edges, and diffuses to the island center. As t , the membrane force → ∞ N 11 → 0 in the entire island.
The solution of this classical initial-boundary value problem takes the form of an infinite series, the slowest decaying term being proportional to exp , with
We take t E as the time scale for island expansion. Equation (13) is also obtained by dimensional considerations, except for the factor π 2 . The expansion time t E depends on the dimensionless ratio , and the ratio L 2 / Hh η / E that has the dimension of time. A large island takes a long time to relax.
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The shear lag model has also been formulated in two dimensions [41] , and solved numerically for the expansion of a square island [29] . Figure 5 plots the strain scaled by the initial mismatch strain, against the time scaled by the square of the island size [35] . With such scaling, the shear lag model predicts one single curve in each plot for all island sizes. The experimental data for islands of various sizes fall on the same curve, confirming this scaling law.
We use x-ray diffraction to measure the average strain in the island (Fig. 5a) , and Raman spectroscopy to measure the strain at the island center (Fig. 5b) . Comparing the experimental data and the numerical solution, we determine the viscosity of BPSG: η = 12.2 GPa s at 790°C, and η = 52.5 GPa s at 750°C.
GROWING WRINKLES
We next consider wrinkles in a blanket SiGe film (i.e., an infinite island). When a flat blanket film is under a uniform biaxial compression, generating no tractions on the SiGe-BPSG interface, the BPSG does not creep. This equilibrium state is a trivial solution to the problem posed in Section 3. The equilibrium state, however, is unstable. The elastic energy stored in the SiGe film reduces when the film wrinkles. To describe the salient features of the wrinkle dynamics, here we give a simplified analysis, assuming that the BPSG layer is so thick that its thickness does not enter the consideration. The analysis follows those in [42, 30] . More comprehensive analyses are given in [31] [32] [33] .
Perturb the film with a sinusoidal deflection
where A(t) is the time-dependent winkle amplitude, and λ the wrinkle wavelength. The analysis assumes that the amplitude A is small, and keeps only the terms linear in A.
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To the first order in A, the membrane force is unperturbed, given by its initial value
), and the shear traction T 1 vanishes. Equation (4) becomes
Subject to this traction on the interface, the BPSG creeps, and its velocity field is determined by solving the creep problem posed in Section 3. The velocity of the surface, ∂w / ∂t , is proportional to a representative strain rate, q / η , and to a length scale, λ, giving
The factor 4π is determined by solving the boundary value problem.
Inserting (14) and (15) into (16) yields a differential equation dA / dt = sA , with
The solution to this differential equation is , where is the initial wrinkle amplitude. The parameter s governs the rate of change in the winkle amplitude. When a flat film winkles, the bending increases the energy stored in the film, but the inplane compression does work to decrease the energy. The two actions correspond to the two terms in the bracket of (17) . 
We measure the surface roughness as a function of annealing time by using the atomic force microscope. Figure 7 plots the experimental data for 30 nm and 60 nm thick SiGe films [35] . The predictions of the linear perturbation analysis correspond to the straight lines in Fig. 7 .
We use the viscosity extracted in the previous section from inplane expansion of small islands, and use the initial amplitude A 0 as the single fitting parameter. The agreement between theory and experiment is excellent for the initial stage of wrinkling. Figure 7 shows that, for the 30nm film, the wrinkle amplitude saturates after about 1 hour anneal. That is, the wrinkles attain an equilibrium state, the BPSG stops creeping, and the tractions on the interface vanish. Such an equilibrium state is similar to the post-buckling state of a column under an axial force. However, there is an important difference. For the column, the post-buckling state is maintained by the prescribed axial displacement at the two ends of the column. For the blanket film, no displacement is prescribed, so that the equilibrium wrinkles are unstable, and can reduce energy further by evolving into wrinkles of longer wavelengths. The wrinkles, however, coarsen slowly because of the viscosity of the BPSG layer. Consequently, the saturated wrinkles of any wavelength are in a kinetically constrained equilibrium state.
The mechanical property of the underlayer affects the wrinkles in the compressed film.
This fact is brought to attention recently in the development of low dielectric constant polymers for interconnect structures [43] . These authors coat a silicon wafer with a polymer layer, and then deposit a SiN thin film on the polymer, with the SiN film under a compressive residual stress. The SiN film remains flat on annealing below the glass transition temperature T g of the polymer underlayer, but wrinkles on annealing above the T g of the underlayer. In both cases, wrinkles would lower the elastic energy stored in the SiN film. Below T g , the polymer underlayer is elastic, and the SiN film remains flat, because the wrinkles would add too much elastic energy to the underlayer. Above T g , the polymer underlayer creeps, and the SiN film wrinkles, the elastic energy in the underlayer decaying over a long time. Of course, if the polymer underlayer below T g has a very low elastic modulus, the stressed film will form wrinkles, which only add a small amount of elastic energy in the underlayer. Such wrinkles are in a stable equilibrium state, and will not coarsen over time. This behavior is studied in a 7/22/2002compressed gold film on a rubber [44] . The behaviors of the wrinkles, easily observable in experiments, provide a means to determine mechanical properties of the underlayer.
We now analyze the equilibrium wrinkles, following a similar analysis for buckledelamination of thin films [45] . Consider a film that wrinkles in the x 1 direction, with nonzero displacements and u . Specializing the general theory in Section 3, we find that the membrane force relates to the displacements as
In equilibrium, the tractions on the interface, q and T 1 , vanish, so that the moment balance equation (4) reduces to
When the shear traction T 1 vanishes, inplane force equilibrium requires that the membrane force N 11 be a constant in the film. Consequently, the ordinary differential equation (23) has constant coefficients. The nontrivial solution w x is of the sinusoidal form of (14) .
Substituting (14) into (23), we obtain that 1 ( )
where λ c is the critical wavelength given by (18) . The longer the wavelength, the lower the amplitude of the membrane force.
Substituting (14) and (24) into (22), we find the equilibrium wrinkle amplitude
and the inplane displacement field
In the equilibrium winkles, the inplane displacement undulates with the wavelength half that of the deflection.
For any wavelength λ > λ c , a nontrivial equilibrium state exists. Consequently, infinitely many such equilibrium states exist for a blanket film. On the other hand, the viscous layer controls the wrinkling rate. The fastest growing mode, of wavelength λ m , prevails at the initial stage. As the wrinkles approach the equilibrium state of wavelength λ m , creep slows down, and the film is kinetically constrained near this equilibrium state, making such state observable in experiment. Comparing (18) and (20), we note that λ m / λ c = 3 . Consequently, the winkles of wavelength λ m have equilibrium amplitude A eq = 2 / 3h . This agrees reasonably well with the experiment (Fig. 7) .
We next consider fracture induced by the wrinkles. At the crest of a wrinkle, the stress is the sum of that due to the membrane force, and that due to the bending moment, namely,
For equilibrium wrinkles of wavelength λ, this stress is
The stress becomes tensile when λ / λ c > 13/ 12 . For wrinkles of the wavelength λ m , Equation
Using representative values, ε 0 = 0.012 , E = 150GPa critical flaw size is a , which is close to the thickness of the SiGe films.
Flaws of this size are expected at the edges of the islands.
∂q ∂x
THE RACE BETWEEN EXPANSION AND WRINKLING
The shear lag model describes the island expansion, neglecting wrinkling. The two wrinkling models analyze a blanket film, neglecting island expansion. In reality, an island expands and wrinkles concomitantly. We adapt the Reynolds lubrication theory [46] to model the creep in the BPSG layer, taking into account of the boundary conditions imposed by the elastic island. The velocity field relates to the tractions as [32] (11) and (29) .
Recall that the tractions relate to the displacement field by the elastic plate theory, which, together with (29) and (30), evolves the displacement field. Figure 8 shows the computed wrinkle amplitude at the island center as a function of time [34] . 
where A c is a critical wrinkle amplitude, at which the tensile stress at the wrinkle crests may Figure 9 illustrates a process that can fabricate islands larger than the critical island size described above. Before annealing, a strain-free cap layer is deposited on the strained SiGe island. After first annealing, the cap-SiGe bilayer reaches the force balance, tensile in the cap layer, and compressive in the SiGe island. The compressive stress in SiGe is reduced from the initial state. Then, the cap layer is removed and the remaining SiGe film is annealed again to achieve full relaxation. During the first anneal, since the effective thickness of the island is larger and the effective compressive stress is smaller, the critical island size is larger than the original critical island size for SiGe islands without the cap layer. In the second anneal, since the compressive strain in SiGe has been partially relaxed, the critical island size is also larger. Figure 10 shows the micrographs of several annealed islands (L = 200µm and 500µm).
Without the cap, the islands of both sizes fracture. With a 19nm thick cap, the 200µm island is crack-free, but the 500µm island still factures although the improvement is obvious. A thicker cap is required to relax the 500µm islands crack-free. For very large islands, multiple etching and annealing steps may be required.
CONCLUDING REMARKS
This paper describes a series of studies on a compressed SiGe island on a glass layer.
Annealing is in effect a race between two processes: expansion and wrinkling. For a small island, expansion prevails, and the island relaxes to the stress-free state. For a large island, winkling prevails, and the island develops tensile stress and fractures. We model the island as an elastic plate, and the glass layer as a viscous liquid. The theory is compared with the experiment 
